As bio-ethanol is developing rapidly, its impacts on food security, water security and the environment begin to receive worldwide attention, especially within the Water-Energy-Food nexus framework. The aim of this study is to present an integrated method of assessing sweet sorghum-based ethanol potential in China in compliance with the Water-Energy-Food nexus principles. Life cycle assessment is coupled with the DSSAT (the Decision Support System for Agrotechnology Transfer) model and geographic information technology to evaluate the spatial distribution of water consumption, net energy gain and Greenhouse Gas emission reduction potentials of developing sweet sorghum-based ethanol on marginal lands instead of cultivated land in China. Marginal lands with high water stress are excluded from the results considering their unsuitability of developing sweet sorghum-based ethanol due to possible energy-water conflicts. The results show that the water consumption, net energy gain and Greenhouse Gas emission reduction of developing sweet sorghum-based ethanol in China are evaluated as 348.95 billion m 3 , 182.62 billion MJ, and 2.47 million t carbon per year, respectively. Some regions such as Yunnan Province in south China should be given priority for sweet sorghum-based ethanol development, while Jilin Province and Heilongjiang Province need further studies and assessment.
Introduction
Energy shortage and climate change are two great challenges today. In December 2015, the Paris Agreement confirmed that the increase in the global average temperature should be held below 2 • C, and that countries should dedicate greater efforts to limit the temperature increase to 1.5 • C [1, 2] . However, it is estimated that the world has already been warmed up by 1.8 • F (equivalent to 1 • C) because of too much carbon dioxide emission since the start of the industrial revolution. Hence, the energy sector must be decarbonized to fulfill the temperature requirement confirmed by the Paris Agreement [3] . It is hoped that renewable energy will help to alleviate the energy crisis and prevent further climate change [4, 5] . To achieve the temperature limit of 1.5 • C, various kinds of renewable energy, including wind energy, solar energy and biofuels, have been applied, and they are predicted to be a fast-growing energy source of the energy market in the next 30 years [3] . According to 2018 BP Energy Outlook, renewable energy would account for 40% of the primary energy increase by 2040 [6] . In the transport sector, the share of renewable energy would probably at least triple from 3.5% to 10% according to 2017 REN's Renewable Global Futures [3] . For the application of renewable energy in the transport sector, 100% liquid biofuels, such as bio-ethanol and bio-diesel, or biofuels blended with gasoline are the main entry points [3] . Therefore, developing biofuels must be considered as a significant kind of renewable energy.
Water, energy and food are fundamental natural resources needed to help achieve the social, economic and environmental goals of human beings [7, 8] . There are complex interconnections among them, and it is predicted that the demand for fresh water, energy and food will increase significantly in the next 20 years due to urbanization, population growth, climate change, agricultural demand, and so on [9] [10] [11] . As a result, Water-Energy-Food nexus has received worldwide attention since the 2011 Bonn Conference [12, 13] . Recent studies showed that inappropriate development planning of biofuels may cause conflicts with water and food [14] . Increased biofuel demand would push up water use, and the low water efficiency of developing bio-ethanol on the marginal lands could aggravate water consumption [15] [16] [17] . Besides, planting energy crops on the cultivated lands may improve energy supply, but it also results in less cultivated lands for food planting and causes risks to food security [18] . Under these circumstances, it is necessary to avoid biofuels' conflicts with water and food when assessing the potential of biofuels.
In China, biomass energy is regarded as a core of the transition of China's energy structure. According to the 13th Five-Year Plan for Biomass Energy of the People's Republic of China, annual average biofuel consumption in China should run up to six million tons by 2020 [19] . However, China faces great challenges of water stress and food security. As China has limited cultivated land resources and large population, the development of energy crops must follow the principles "not using the grain intended for food, and not occupying the lands intended for grain production". To avoid intensifying problems of water stress and food security, the potential of sweet sorghum-based ethanol in China is assessed in compliance with the Water-Energy-Food nexus principles in this study. As a representative of non-food feedstock, sweet sorghum is considered because of its optimized tolerance to abiotic stresses and high levels of sugar accumulation in its stalks [20] [21] [22] . In addition, energy-food conflicts are avoided by using marginal lands instead of cultivated lands in China as the original potential places for sweet sorghum-based ethanol development, and the potential energy-water interconnections are assessed by coupling life cycle assessment method with the DSSAT (the Decision Support System for Agrotechnology Transfer) model. Life cycle assessment method is a technique for evaluating the potential impacts of a product (or service) over the life cycle [23] [24] [25] . The DSSAT model, released by the International Benchmark Sites Network for Agrotechnological Transfer, offers several independent primary modules for crop growth and development simulation [26] . Compared with the GREET (Greenhouse gases, Regulated Emissions, and Energy use in Transportation) model, a full life-cycle model to evaluate energy and emission impacts of advanced and new transportation fuels developed by Argonne National Lab [27] [28] [29] , the DSSAT model pays more attention to the growing process of energy crops, which offers more mechanical supports for water consumption and biomass estimation. Thus, life cycle assessment and DSSAT rather than GREET are applied in this study.
Therefore, the main objective of this study is to present an integrated method of assessing sweet sorghum-based ethanol potential in China in compliance with the Water-Energy-Food nexus principles by coupling life cycle assessment method with the DSSAT model and geographic information technology.
Materials and Methods

System Boundary Definition
Life cycle assessment is a technique for evaluating the potential impacts of a product (or service). It consists of four steps: system boundary definition, life cycle inventory, impacts analysis, and interpretation of inventory and impact analysis in relation to the scope of the study [23] [24] [25] .
In this study, the life cycle assessment method was used to evaluate the potential of sweet sorghum-based ethanol in China over its life cycle. The scope of the life cycle assessment was to analyze water consumption, GHG (Greenhouse Gas) emissions, and the net energy gain potential of sweet sorghum-based ethanol on marginal land in China, and the flowchart of system boundary of life cycle assessment is shown in Figure 1 . The life cycle of sweet sorghum-based ethanol includes five stages: sweet sorghum planting and harvesting stage, sweet sorghum transport stage, ethanol production stage, ethanol transport and distribution stage, and ethanol combustion stage. The water consumption of every life cycle stage was analyzed, except for the two transport stages and the ethanol combustion stage because the quantity of water consumption in these three stages represented less than 1% of the total water consumption [16, 17] . The GHG emissions and net energy gain were assessed by tracking the material and energy flow in all stages. Chemicals, diesel oil, electricity, and coal were considered as input materials in the inventory analysis of GHG emissions and the net energy assessment. The input and output materials were converted into equivalent carbon and energy to evaluate GHG emissions and the net energy gain potential.
Biomass and ET (Evapotranspiration) Estimation by the DSSAT Model
The DSSAT model comprises crop simulation models for over 42 crops (as of Version 4.7) as well as tools to facilitate effective use of the models [26] . The tools include database management programs for soil, weather, crop management and experimental data, utilities and application programs. The crop simulation models simulate growth, development and yield as a function of the soil-plant-atmosphere dynamics. In this paper, the DSSAT model was used for biomass and ET estimation at sweet sorghum planting and harvesting stages.
At the beginning, the DSSAT model was calibrated for biomass and ET simulation of the sweet sorghum crop by the field experimental data recorded by an energy crop cultivation company in Shandong Province. Then, the DSSAT model was set up to link with geospatial datasets for geo-spatial simulation. Non-geospatial datasets were arranged in text files, and geospatial datasets were organized using geographic information technology. Both geospatial datasets and non-geospatial datasets were integrated and called by the land unit module and then used by different primary modules for the simulation. As a result, the simulation results of biomass and ET were obtained. These results were then analyzed, using geographic information technology and life cycle assessment method, to obtain water consumption, net energy gain potential, and GHG emission results on a spatial scale. The flowchart of biomass and ET estimation by the DSSAT model is shown in Figure 2 . 
Life Cycle Assessment
Water Consumption Assessment
Based on the Water-Energy-Food nexus principles, a water consumption analysis of developing sweet sorghum-based ethanol on marginal lands in China is of great importance. This is because it reflects the complicated interactions between water resources and sweet sorghum development in China. As illustrated in Figure 1 , water consumption at the planting and harvesting and ethanol production stages was considered to be the total water demand over the life cycle of sweet sorghum ethanol in this paper. The formula of total water consumption is as follows [16] :
where TWC (unit: mm) is the Total Water Consumption of sweet sorghum-based ethanol over the life cycle; ET actual (unit: mm) is the actual evapotranspiration at planting and harvesting stage; and WCE (unit: mm) is the water consumption for ethanol production. Actual evapotranspiration (ET actual ) is composed of actual soil evaporation (ET soil ) and plant transpiration (ET plant ) [26, 30] . In this paper, ET actual was simulated using the DSSAT model (refer to Figure 2 ) which provides a separate module called the "soil-plant-atmosphere module" to simulate potential evapotranspiration (ET), actual soil evaporation (ET soil ), and plant transpiration (ET plant ). ET actual was calculated by the following formula.
Water demand for sweet sorghum-based ethanol production (WCE) was calculated based on the above-ground biomass of sweet sorghum at harvesting [16] . The formula is as follows:
where B (unit: t·ha −1 ) is the above-ground biomass of sweet sorghum per hectare; E (t ethanol·t −1 biomass) is the conversion coefficient of converting biomass of sweet sorghum to fuel ethanol; W (unit: t water·t −1 ethanol) is water consumption for fuel ethanol production per unit ethanol; and ρ is the water density with the value of 1.0 g·cm −3 .
Life Cycle Assessment of Net Energy Gain (NEG) Potential
Net energy gain is defined as the difference between the energy input and output of a product or service [31, 32] . The net energy gain of biofuel production in China depends highly on both the ethanol and the converting processes from energy crop to ethanol. In this paper, net energy gain was analyzed by tracking the energy flows of every life cycle stage.
The energy flow of sweet sorghum-based ethanol begins with solar energy (SE) as a significant energy input for sweet sorghum growing. Then, fossil energies (FE) are considered important energy inputs in every stage of the life cycle of sweet sorghum-based ethanol. Finally, biomass energy (BE) and a certain amount of fossil energy from by-products are produced and become the output energy of the sweet sorghum-based ethanol system. Only fossil energies were considered in the net energy gain assessment as solar energy is renewable energy. Net energy gain is defined as the summary of energy output minus the summary of fossil energy input, as the following formula [33] .
where NEG (unit: MJ·gird −1 ) is the net energy gain per grid; BE (unit: MJ·t −1 ethanol) is energy output of ethanol combustion with a value of 29,660 MJ/t ethanol; FE by (unit: MJ·t −1 ethanol) is fossil energy output from by-products; FE 1 (unit: MJ·ha −1 ) is the fossil energy input of the sweet sorghum planting and harvesting stage; FE i (i = 2, 3, 4) (unit: MJ·t −1 ethanol) is the fossil energy inputs from the sweet sorghum transport stage, ethanol production stage, and ethanol transport and distribution stage, respectively; B (unit: t·gird −1 ) is the above-ground biomass of sweet sorghum per grid; and A gird (unit: ha) is the area of each grid.
Life Cycle Assessment of GHG Emission
Greenhouse gases (GHG) are gases that cause the greenhouse effect [34] . The combustion of fossil fuels is considered a significant reason for the greenhouse effect, and fuel ethanol has been regarded as a potential fuel alternative to decrease GHG emissions. In this study, GHG emissions were analyzed based on the Carbon Balance Principle.
The Carbon Balance Principle is that the carbon dioxide in the atmosphere assimilated by crop will finally return to the atmosphere through fermentation for ethanol production, oxidation of residues, and combustion of ethanol, establishing a carbon balance. However, ideal circumstances do not exist, as extra materials and fossil fuels are put into the system to maintain the progress over the life cycle of fuel ethanol. Extra materials and fossil fuels bring about extra GHG emissions, breaking the carbon balance of ideal circumstances, and such GHG emissions were calculated in the assessment. GHG emissions are calculated by summarizing extra carbon release minus the avoided carbon release from by-products. The formula is as follows [32] .
where C total (unit: t Carbon·grid −1 ) is the total GHG emission of each grid; C 1 (unit: t Carbon·ha −1 ) is GHG emissions of the sweet sorghum planting and harvesting stage; C i (i = 2, 3, 4) (unit: t Carbon·t −1 ethanol) is composed of the GHG emissions of sweet sorghum transport stage, ethanol production stage, and ethanol transport and distribution stage respectively; C avoided (unit: t Carbon·t −1 ethanol) is the carbon emissions reduced by using by-products instead of external energy input; A gird (unit: ha) is the area of each grid; and B (unit: t·gird −1 ) is the above-ground biomass of sweet sorghum per grid. Carbon emission reduction (C reduce ) is used to evaluate how much carbon emission could be reduced by biofuel compared with the carbon emission of petrol with the same energy output. The equation is as follows.
where C reduce (unit: t carbon·grid −1 ) is the carbon emission reduction potential per grid; B (unit: t·gird −1 ) is the above-ground biomass of sweet sorghum per grid; BE (unit: MJ·t −1 ethanol) is the energy output of ethanol combustion with a value of 29,660 MJ/t ethanol; W petrol (unit: t carbon·MJ −1 ) is the conversion coefficient of the calorific value to petrol with the value of 0.0189 t carbon·MJ −1 ; E (t ethanol·t −1 biomass) is the conversion coefficient of converting biomass of sweet sorghum to fuel ethanol; and C total (unit: t Carbon·grid −1 ) is the total GHG emission of each grid.
Data Preparation
The datasets were divided into geospatial datasets and non-geospatial datasets. Geospatial datasets consisted of spatial distributions of marginal land, weather conditions, and soil profile conditions in China. These datasets were prepared using geographic information technology and used by the DSSAT model as evidence of growing environment for crops. Non-geospatial datasets included datasets for the DSSAT model such as field experimental data for the DSSAT model calibration, crop species parameters and crop planting and management datasets, and datasets for life cycle assessment such as life cycle inventories for the assessment of water consumption, net energy gain and GHG emission.
Geospatial Datasets
In this paper, geospatial datasets consisted of datasets indicating where energy crops should be planted such as marginal land in China, and datasets for the DSSAT model. The geospatial data list is shown in Table 1 . Lands with low agricultural productive capacity are considered marginal land, such as lands with poor water supply, poor soil quality, pollution, and terrain challenges [33, 35, 36] . In the DSSAT model, the most important datasets that indicate crop growing conditions were soil profile data and weather data [26, 37] . Soil profile data were needed in soil water, nitrogen, phosphorus and root sections. The required daily weather variables are solar radiation (MJ·m −2 ·day −1 ), maximum temperature ( • C), minimum temperature ( • C), and rainfall (mm). Other necessary weather variables for every site are mean annual temperature ( • C) and annual air temperature amplitude ( • C). The DSSAT model also allowed optional variables such as dew point temperature ( • C), photosynthetic active radiation (moles·m −2 ·day −1 ), and wind speed (km·day −1 ). 
Non-Geospatial Datasets
Non-geospatial datasets were required by the DSSAT model and the life cycle assessment. A list of the non-geospatial datasets is provided in Table 2 . In the DSSAT model, crop cultivar coefficients that indicate sweet sorghum's cultivar type were required to simulate the growing processes of the crop. Field experiment data were recorded from farmland and other land type experiments, and the records were essential for model correction and calibration. In the life cycle assessment, inventories were necessary to evaluate water consumption, GHG emissions, and net energy gain (refer to Tables 3 and 4) . These inventories should be analyzed at every stage of sweet sorghum-based ethanol production, from the crop planting, raw material transport, ethanol production, and ethanol transport, to ethanol combustion stage. 
Results
Biomass and ET Estimation Results
Biomass and ET were estimated by the coupling of the DSSAT model and geographic information technology. The result of sweet sorghum biomass on the marginal lands in China is shown in Figure 3 , and the result of ET is shown in Figure 4 .
As illustrated in Figure 3 , per unit sweet sorghum biomass varied greatly from 680 kg/ha to 24,538 kg/ha in different regions of China. Low biomass areas were mainly located in Xinjiang Uygur Autonomous Region and Inner Mongolia Autonomous Region. High biomass areas were centralized in the southern part of China. The main causes of the disparity might be temperature, precipitation, and soil conditions. According to Figure 4 , ET of sweet sorghum growing ranged from 126.29 mm to 869.51 mm. The spatial distribution of ET showed a similar pattern to biomass. 
Water Consumption Assessment Result
In China, water is a necessity for the sustainable development of nature and human society. Regions threatened by water consumption of developing sweet sorghum on marginal lands were not considered suitable. In this section, the water consumption of fuel ethanol and other uses were compared relative to the water resources of basins in China. A drainage basin is an area of land around a large river with streams running down into it, which includes all the surface water from rain runoff, snowmelt, and nearby streams that run downslope towards the shared outlet, as well as the groundwater underneath the earth's surface. Therefore, comparing the water consumption with water resources at a basin scale accords with the water distribution patterns in nature.
The water consumption of fuel ethanol and pie charts of water consumption of every basin are shown in Figure 5 . In Figure 5 , the water requirements measured in millimeter are transformed to the volume of water consumption measured in million cubic meters. According to Figure 5 , the water consumption of sweet sorghum-based ethanol development ranged widely from 0.27 million m 3 to 2.53 million m 3 per grid. High water consumption areas were centralized in the southern part of China, and the pie charts showed that after the regular use requirements and that from fuel ethanol, no water resources would remain in the Liao River, Hai River, and Yellow River basins to meet other water requirements. Overall, the total water consumption of fuel ethanol was 433.33 billion m 3 , including 69.80 billion m 3 from the Liao River, Hai River, and Yellow River basins.
Net Energy Gain Assessment Result
Net energy gain assessment is important because it shows how much energy could be achieved through developing sweet sorghum-based ethanol, and regions with high net energy gains are preferred. However, with the consideration of water stress, the Liao River, Hai River, and Yellow River basins were considered not suitable. As a result, only net energy gain on marginal lands without high water use stress was analyzed. The spatial distribution of the net energy gain is shown in Figure 6 . According to Figure 7 , Yunnan Province showed the highest net energy gain, with a value of 52.84 billion MJ, followed by Guizhou Province, with a value of 25.57 billion MJ, and Hubei Province, and the Guangxi Zhuang Autonomous Region with values of 19.00 billion MJ and 17.53 billion MJ, respectively. Net energy gains in the Xinjiang Uygur Autonomous Region, Gansu and the Inner Mongolia Autonomous Region showed negative values of −8.31 billion MJ, −2.22 billion MJ, and −2.00 billion MJ, respectively. These regions got negative net energy gains mainly because the weather and soil conditions there could not satisfy the requirements of planting sweet sorghum. Thus, the amount of aboveground biomass and sweet sorghum-based ethanol were so low that the energy output of sweet sorghum-based ethanol could not cover the total energy consumptions over the life cycle of sweet sorghum-based ethanol in these regions. Overall, total net energy gain with positive values was 182.62 billion MJ per year, and total net energy gain with negative values was −17.53 million MJ per year. 
Marginal Lands Suitable for Sweet Sorghum-Based Ethanol Development
For the further assessment of GHG emissions, basins with high water stress and regions with negative net energy gain were considered unsuitable for sweet sorghum development. The suitability analysis of the marginal lands for developing sweet sorghum-based ethanol is shown in Figure 8 . After the suitability analysis of marginal lands for developing sweet sorghum-based ethanol, 26.72% of the marginal lands were considered unsuitable, and the remaining marginal lands which were considered suitable covered an area of 387,447.79 km 2 . The remaining marginal lands were centralized in southern and parts of northeastern parts of China. Water consumption and net energy gains on the marginal lands suitable for developing sweet sorghum-based ethanol was recalculated as 348.95 billion m 3 and 182.62 billion MJ per year, respectively.
GHG Emission Assessment Result
GHG emissions and potential GHG emissions reduction were analyzed based on the marginal lands suitable for developing sweet sorghum-based ethanol, and the potential GHG emissions reduction are shown in Figure 9 . According to Figure 9 , the GHG emissions of sweet sorghum-based ethanol ranged from 81.41 t Carbon to 273.42 t Carbon, and the potential GHG emissions reduction ranged from 2.23 t Carbon to 27.48 t Carbon. Although, according to Section 3.3, Yunnan showed high net energy gains, it also produced the highest GHG emissions. In conclusion, developing sweet sorghum-based ethanol on marginal lands would cause 36.66 million tons of GHG emissions, and the GHG emission reduction potential would be 2.47 million tons of GHG emissions, equivalent to the GHG emissions caused by 0.86 million tons of petrol.
Discussion
Comparison with Other Studies
In this study, the potential of sweet sorghum-based ethanol development in China was evaluated within Water-Energy-Food nexus framework. Based on the related previous studies in this field, net energy gain and GHG emission potentials were discussed and compared with others.
Wang et al. conducted a life cycle assessment study of energy efficiency performance of bioethanol production from sweet sorghum stem in China, concluding that the net energy ratio was 1.56 and the net energy gain was 8.37 MJ/L ethanol [39] . Given that the net energy gain by Wang et al. was a standard, net energy gain in this paper should range from 0.16 million MJ to 5.93 million MJ rather than from −1.4 million MJ to 2.3 million MJ. GHG emission potential was compared with a study documented by Olukoya et al. According to Olukoya et al., GHG emissions were reduced by 27% and 15% with two different ethanol producing options [40] . In this study, GHG emission and GHG emission reduction of developing sweet sorghum-based ethanol on marginal lands were 36.66 million tons and 2.47 million tons, respectively, indicating a 6.7% decrease of GHG emissions. The net energy gain and GHG emission reduction potentials were predicted as lower than the results of Wang et al. and Olukoya et al. mainly because biomass on marginal lands was estimated in this study. Marginal lands are usually land types with severe growing conditions. Thus, it is reasonable to get lower net energy gain and GHG emission potentials in this study. Besides, this study presented the spatial distribution of net energy gain, GHG emission reduction potentials, which is more helpful for policy makers to decide which regions should be given priority for sweet sorghum-based ethanol development.
Measures for Improving Potential Assessment
Two aspects could be considered for a better performance of the assessment. First, the DSSAT model was calibrated by field experimental data of only one species in this paper, but, in reality, various sweet sorghum varieties are planted in different regions. However, as there are many kinds of marginal lands in China such as saline-alkali land, shrub land and spare land, one species cannot adapt to the growing environment all kinds of marginal lands. Moreover, salt content and water content of different sweet sorghum varieties varies greatly, and these ingredients have direct impact on the conversion coefficients from sweet sorghum to fuel ethanol. Thus, some potential regions may be ignored if only one species was studied. Second, a transport model should be coupled with the life cycle assessment. Currently, most studies in this field calculate the energy input and GHG emissions in transport stages using statistical data. However, sweet sorghum cultivation lands, ethanol factories and gasoline stations are spatially distributed, so energy input and GHG emissions varies from site to site. Hence, the potential assessment method could be improved through a transport model with geo-spatial analysis tools.
Conclusions
In this paper, we conduct a life cycle assessment study on the potential assessment of developing sweet sorghum-based ethanol on marginal land in China, using a life cycle assessment method coupled with the DSSAT model and GIS technology. This study is carried out under the framework of the Water-Energy-Food nexus, and the spatial distributions of three aspects including water consumption, GHG emission, and net energy gain potential are considered and analyzed.
As illustrated by the results, the original marginal lands for developing sweet sorghum-based ethanol is 528,735.39 km 2 . However, 26.72% of the original marginal lands are not moderately suitable because of biomass-water conflicts or low net energy gains. These places are mostly located in the western and northern parts of China, especially the Xinjiang Uygur Autonomous Region, the Inner Mongolia Autonomous Region, northern part of Gansu Province, and provinces of Yellow River, Hai River, and Liao River basins. The area of remaining marginal lands is 387,447.79 km 2 , within which provinces of the southern part of China and parts of Northeastern China show higher net energy gain potential and GHG emission reduction potentials than other regions. Among these regions, policy makers can give some priority of sweet sorghum-based ethanol development to Yunnan Province, Guangxi Zhuang Autonomous Region, Hubei Province and the southern part of Shaanxi Province, whereas the potential of Jilin Province and Heilongjiang Province needs further studies and assessment. Overall, the water consumption of sweet sorghum-based ethanol in China is predicted to be 348.95 billion m 3 . The net energy gain potential of the marginal lands suitable for developing sweet sorghum-based ethanol is evaluated at 182.62 billion MJ per year. The GHG emissions reduction potential on the remaining marginal lands s estimated at 2.47 million tons of carbon per year, equivalent to the GHG emissions caused by 0.86 million tons of petrol per year.
In the next study, switchgrass, cassava and other non-food energy crops should be considered for the assessment of non-food bio-ethanol development potential in China within Water-Energy-Food nexus frameworks.
